Abstract-Magnetic resonance imaging (MRI) is a well established non-invasive technique to retrieve structural information from plants and fruits. Water transport inside these materials has also been studied with MRI, however, the integrate combination of studying both structure and dynamics has hardly been considered. Here it is shown how the anisotropic nature of water diffusion in channels or vessels inside the plant can be used to map these vessels in three dimensions. Diffusion Tensor Imaging (DTI), an MR technique initially introduced to study white matter in mammalian brains, is used to track water transport pathways inside Thompson Seedless grapes and celery as an example.
INTRODUCTION
Magnetic resonance (MR) is a well established technique in the field of medical pathology. With mammalian soft tissue consisting for 60-80% of water, MR is an ideal non-invasive technique to acquire anatomical information of tissues and organs. Over the last decade or so MR has been given substantial attention in plant sciences with applications measuring 3D structures [1] and detecting fluid flow [2, 3] in typical vascular structures such as xylem and phloem. A recent overview of high resolution MRI [4] describes the use of MR in plant-environment interactions, gene function, metabolism and plant physiology in general. However, combined MR studies of plant structure and function [5] are far less common than in the biomedical field.
After the introduction of MR Diffusion Tensor Imaging (DTI) [6] , it took some time before DTI was implemented as a standard protocol on clinical MR scanners [7, 8] . Since its introduction in the clinic, DTI has gained enormous popularity and has been applied to a large variety of neuroscience studies ranging from traumatic brain injury to multiple sclerosis [9] . DTI measures the anisotropy of water diffusion in 3D, providing anisotropy maps. With the help of tractography algorithms these maps can be used to visualize white matter axons in the brain [10] .
Bulk water diffusion is characterized by one constant, the apparent diffusion constant (ADC). When water mobility becomes restricted up to three different constants are needed to describe the path of the diffusion water molecules [11] . Diffusion of water through a cylindrical vessel can be described by two diffusion constants, the larger relating to diffusion parallel to the vessel while the two identical smaller ones relate to diffusion in the radial direction. In general, diffusion can be described by a symmetric 2nd rank tensor (3×3 matrix), meaning that a minimum of 6 diffusion values will completely describe the diffusion of water. The difference in diffusion components is referred to as anisotropy and is characterized by the fractional anisotropy (FA) which basically represents a normalized variance of the diffusion constants [7] . FA maps are the basis for DTI tractography. Asparagus, with a known and well defined fibrous cylindrical morphology, showed the expected water diffusion FA in early diffusion weighted MR experiments [12] .
In this paper, we show how water diffusion anisotropy and DTI, in combination with anatomical MR images, can be used to non-invasively visualize the vascular network in fruits and plants. Water diffusion in grape berries and celery will be studied as an example of the potential of DTI in plant science.
RESULTS AND DISCUSSION
During its development, flesh of the grape berry obtains water and nutrients through a vascular network. This system consists of a peripheral network in the outer part of the mesocarp, near the exocarp, and a larger axial bundle supplying the seeds.
There is no information available on how the vascular bundles grow in grape berries [13] and how this growth is related to the three stages of berry growth. Some studies have shown a transition in water flow from primarily xylem to primarily phloem in post-veraison grape berries [14] while other publications do not show any loss of xylem function [15] . However, water is important for the development and composition of fleshy fruit during the growth phases as is an understanding of the underlying vascular network. Figure 1 shows fractional anisotropy (FA) maps of water movement in a Thompson Seedless grape berry. The images were obtained at 11.7 T using a data matrix of 320 × 256 × 38 and a field of view (FOV) of 40 mm×26 mm×21.6 mm, rendering a 125 µm×102 µm in-plane image resolution in Fig. 1(c) . A false colouring scheme is used to obtain a sense of directional preference with respect to the main magnetic field in the MRI system, which is parallel to A → P, coded with blue (see inset Fig. 1(b) [11] and for water in tomatoes, depending on the variety and time of year, 1.3-1.9 × 10 −3 mm 2 · s −1 [16] . Similar values have been reported for studies on fresh cut asparagus [12] .
For the anatomical images we selected the echo times such to create contrast that would be helpful to explain observed features in the DTI experiments. Spin-spin (T 2 ) and spin-lattice (T 1 ) relaxation times for a variety of grape berries have been reported by Andaur et al. [17] . Their publication focused on the use of MR for volume and • Brix distribution measurements. Pope et al. [18] showed 1 H spin-echo images of grape berries at 300 MHz using echo times of 16 and 54 ms to achieve contrast for their drying studies, the value used here falls in this range.
The origin of the P ↔ A water transport in the lower hemisphere of the grape can be seen in Figs. 1(c), (d) and Fig. 2 . Fig. 1(d) shows the presence of large tissue formations that have a clear axial downward A → P direction. The spin-density images in Fig. 2 clearly show a radial tissue structure at the top (Fig. 2(a) ), while starting mid-section (Figs. 2(b) and (c)) additional centres, near the visible voids, occur from which tissue grows towards the bottom end of the grape. This tissue formation is responsible for the predominant P ↔ A water FA, color coded green in Fig. 1 . The main reason for the break in the FA symmetry while moving from top to bottom along the long axis of the Thompson Seedless berry is related to the growth pattern of the grape berry. Growth of the berry starts at the stem in a radial fashion, however, once full-grown, the Thompson seedless berry has significantly elongated while the origin of the berry remains near the top, the berry stem. This asymmetric growth is evidenced by the deposition of material in a longitudinal fashion, indicated by the anatomical image in Fig. 1(d) . If the berry had grown in a complete radial fashion, the centre of the grape berry would have been located mid-axis. Figure 3 shows a three dimensional representation of the vascular networks after the application of tractography [19] . For representation purposes the so-called fibres, representing water transport pathways, are represented by tiny cylinders. This figure shows the observations made in Figs. 1 and 2 in a three-dimensional way. Using tractography software, specific regions of interest can be selected for detailed study of the vascular bundles in these areas.
DTI studies are not limited to high magnetic fields and small objects. In Figs. 4(a) , (b) a low resolution DTI experiment on a celery plant is shown. The celery plant, with roots removed, was obtained from a local grocery store and imaged in a 3 T clinical scanner using a human RF head coil. The data matrix was 128 × 128 × 74 with a field of view (FOV) of 240 mm × 240 mm × 141 mm, rendering a 1.88 mm × 1.88 mm in-plane image resolution and 1.9 mm thick slices in the I ↔ S direction. In Fig. 4(a) , the results of tractography are superimposed on the 3D spin-density image of the celery plant, using a cut-out. The FA of the major water transport vessels in celery, shown in Fig. 4(b) , is coded blue, indicating the I ↔ S direction for water transport, as expected. Fig. 4(c) shows axial images of a bundle of smaller stalks, obtained with micro imaging at 11.7 T. The arrows in the figure indicate the position of some of the big xylem vessels which are used for water transport. These are the bundles shown in Fig. 4(a) of the celery plant.
The b-value used in DTI experiments is determined by the square of the diffusion gradient strength and the diffusion time. With the increase in diffusion time, signal intensity is being reduced due to diffusion, as a consequence the signal to noise ratio of the image will reduce. Increased gradient strength on the other hand might cause unwanted artifacts, e.g., eddy currents. Our experience with DTI on humans, animals and plants indicate that b-values in the range of 500-1000 s · mm −2 provide good quality images and reliable DTI parameters, e.g., FA-values and diffusion constants. In the case of high b-values (> 1000 s· mm −2 ) water compartmentation, or restricted diffusion, or a combination of these, might affect the data processing, resulting in changing FA values with changing b-value. However, Hui et al. [20] reported that FA values were less susceptible to changes in b-value than other parameters. Using Thompson Seedless grapes and celery we have shown DTI and tractography can be used to obtain structural information on water transport in plants and fruit. Simple FA maps obtained from DTI data already display the main transport characteristics while tractography details connectivity in 3D.
EXPERIMENTAL PROCEDURES
All micro-imaging MR experiments were performed on an Avance DRX Bruker console (Bruker, Karlsruhe, Germany) using a 72-mm selfshielded gradient system SGRAD 123/72/S (o.d./i.d.) (Magnex, UK) installed in a vertical bore, 11.7 T magnet (Magnex, UK). Experiments were performed using a Doty (Columbia, SC) 34 mm (i.d.) DSI-863, linear, Litz RF-coil. Gradient echo and Spin-echo experiments were performed to acquire scout and anatomical images. Spin-echo images of grape berries were acquired with T R = 2 s, T E = 25 ms, N A = 2, F OV = 26 × 26 mm 2 using a data matrix of 325 × 352 data points, a 1 mm slice thickness and totalling 19 min of acquisition time. For the Spin-echo images of small celery stalks in Fig. 4(c) we used the same imaging parameters, with the exception of F OV = 28 × 28 mm 2 . A modified diffusion weighted spin-echo sequence, using a b-value of 800 s · mm −2 with 6 orthogonal gradient directions, was used for the acquisition of the DTI data. DTI parameters used were T R = 20 s, T E = 26 ms, N A = 2, F OV = 40 × 26 × 21.6 mm 3 (38 slices of 0.6 mm thickness) using an in-plane data matrix of 320 × 286 points, totalling 20 hours of acquisition time. Experiments on a whole celery plant were performed on a 3 T clinical scanner (Tim Trio; Siemens Medical Solutions, Erlangen, Germany) using a standard head RFcoil. DTI data was acquired using a single-shot Spin Echo EPI (MDDW) sequence for 20 gradient directions following an icosahedral scheme and a b-value of 600 s · mm −2 . Sequence parameters for the 3 T DTI measurements were T R = 9100 ms, T E = 93 ms, N A = 4, F OV = 24 × 24 × 14 cm 3 (74 slices of 1.89 mm thickness) using an inplane data matrix of 128×128 points, parallel imaging using GRAPPA with an effective acceleration factor 2 and a total acquisition time of 20 min.
Both the Thompson Seedless grapes and the celery were obtained from a local grocery just prior to the experiment.
DTI and fibre tract data processing was performed with MedINRIA software [21] from INRIA, Asclepios Research project, 06902 Sophia Antipolis CEDEX, France.
